BACKGROUND: Since breastfeeding and human milk seem to prevent, while high dietary proteins in the first 2 y of life seem to promote, later overweight, questions have been raised on the safe levels of proteins in the early years. How much protein (as a percentage of total calorie intake) is safe? METHODS: Revision of available data on the protein content of human milk, protein intake in the first 2 y of life and their association with body mass development. RESULTS: We should move from the figure of 7-8% in the 4-month exclusively breastfed infants up to the maximum acceptable levels of 14% in 12-24-month-old infants. When protein supply represents less than 6% and energy is limited, fully breastfed infants are likely to enter a status of negative nutrient balance. Over the limit of 14% energy from proteins in the 6-24 months period, some mechanisms may begin to operate, leading young children towards an early adiposity rebound and overweight development, beyond any genetic predisposition. Preliminary data seem to indicate a causal role for whole cow's milk proteins. CONCLUSION: We suggest maintaining breastfeeding as long as possible, and, in case human milk is insufficient, to introduce infant formulas, appropriate for age, up to 18-24 months, in order to keep protein intakes in the safe range of 8-12% within a diet adequate in energy and balanced as far as macronutrients. On the whole, we could define these observations as the 'early origins' hypothesis of adult disease. Breastfeeding is the ideal way of feeding infants born at term, since it provides adequate nutrients to support optimal growth and development of infants together with antiinfective protection, thus forming a unique biological and emotional basis for the health and well-being of both mother and child. 4, 5 Breastfeeding is fundamental also in premature babies (34-27 weeks of gestational age), where the capability of suckling is present, and even in extremely premature babies (28-32 weeks of gestational age) the use of expressed and/or banked human milk (adequately fortified) may have favorable short-and long-term effects.
Introduction
Nutrition during early phases of human development can alter organ function, thus predisposing individuals to adult disease. Accordingly, Barker 1 has proposed the 'fetal origins' hypothesis, suggesting that poor fetal nutrition might cause intrauterine adaptations associated with obesity, diabetes and cardiovascular disease through the adult life. Other authors have suggested that a reduced fetal growth may be associated with an increased risk of development of cardiovascular diseases and insulin-resistance syndrome with its components (hypertension, dyslipidemia, impaired glucose tolerance or type-2 diabetes) through an early acceleration of growth in the first post-natal years. 2, 3 On the whole, we could define these observations as the 'early origins' hypothesis of adult disease. Breastfeeding is the ideal way of feeding infants born at term, since it provides adequate nutrients to support optimal growth and development of infants together with antiinfective protection, thus forming a unique biological and emotional basis for the health and well-being of both mother and child. 4, 5 Breastfeeding is fundamental also in premature babies (34-27 weeks of gestational age), where the capability of suckling is present, and even in extremely premature babies (28-32 weeks of gestational age) the use of expressed and/or banked human milk (adequately fortified) may have favorable short-and long-term effects. 6 The American Academy of Pediatrics (AAP) recommends breastfeeding for the first 6 months of life. 7 After that date, a combination of solid foods and breast milk should be given in order to complement nutrients that are insufficient if supplied only with human milk (particularly energy, protein, iron, zinc and fat-soluble vitamins). The process is called weaning, and represents the progressive introduction of solid foods into children's diets in order to fulfill their changing nutritional needs. 8 Within this context, questions have been raised on the possible role of dietary proteins in the first 2 y of life and the possible development of overweight and obesity later on.
Breastfeeding, human milk and overweight/obesity prevention
Several studies have suggested a protective role of breastfeeding vs formula-feeding on the development of overweight and obesity in later childhood and adolescence.
Protective effects were seen in a large retrospective crosssectional study on almost 10 000 children at the age of 5 y in Bavaria, 9 in a survey of 15 000 adolescents whose mothers participated in the Nurses' Health Study II, 10 in a cohort of 32 000 Scottish children, 11 and in 177 000 4-y-old children in the USA. 12 A school-based study in the Czech Republic in 33 000 children found breastfeeding associated with a 20% risk reduction of both overweight and obesity up to the age of 14 y. 13 The negative association seems to work particularly if breastfeeding is protracted all through the second semester of life. 9,10 Systematic reviews have confirmed the association, even if weakened, after adjusting for potential confounders 14, 15 while the long-term persistence of the effect through adulthood is questioned. 16 The According to this model, the third factor also -that is, human milk nutrient composition -cannot be separated from the others. The relationships between the early type of feeding and the subsequent development of both fat and fatfree mass are quite complex and depend on dietary factors other than one single component. Differences in the intake of docosahexaenoic acid, for instance, may affect insulin sensitivity by changing the expression of receptors on membranes. 21 At the same time, breastfed infants take lower amounts of milk than formula-fed ones, and therefore have less energy intake, with a consequent downregulation of their energy expenditure. 22, 23 Since the protein intake has been connected to the neuroendocrine peculiarities of the breastfed infant, 24, 25 an attractive hypothesis is to assign to the protein content of human milk the role of primum movens in the complex picture connecting breastfeeding and the prevention of overweight and obesity.
Human milk proteins: do they match infants' dietary needs?
The protein content of human milk decreases rapidly during the first month of lactation 26 and declines much more slowly thereafter. The decrease in total protein content is mainly due to a decrease in secretory immunglobulin A (sIgA) and lactoferrin. These two bioactive proteins, together with lysozyme, represent about 30% of the total protein in mature human milk. Therefore, the quantity of nitrogen in human milk changes dramatically, especially during the first days of life, from around 2-2.5 g/100 ml in colostrum to about 1.0-1.2 g/100 ml in mature milk. Nevertheless, the true protein content of human milk is often overestimated because of the high proportion of non-protein nitrogen (NPN) in human milk. Subtracting nonnutritional proteins and the NPNfraction (25%) from the total crude protein content (nitrogen Â 6.38), one arrives at a minimal protein content of 0.75 g/100 ml in human milk. Assuming an energy density of human milk of 67 kcal/100 ml, the protein energy ratio has been calculated as equivalent to around 1.2 g/100 kcal. 27 Expressed as a percentage of the energy content, protein supply has been calculated as 17% in colostrum and 7% in mature human milk. 28, 29 Whereas human milk is a changingfood during the lactational period, infant formulas are products of constant composition and must satisfy the requirements of safety as far as the amount and the quality of proteins are concerned. The quality of a protein is related to its amino-acid content and, more specifically, to its essential amino-acid content. If a protein is deficient in one essential amino acid, nitrogen balance will not be maintained, no matter the amount that is ingested. In addition, the protein requirements must be considered in conjunction with energy needs because, unless these are fully met, proteins will be used as energy instead of being available for essential functions and growth. As a consequence of this assumption, when proteins are fully utilized for growth, their gross energy corresponds to 5.65 kcal/g as calculated from heat of combustion (bomb calorimeter), but, if utilized for energy production, their metabolizable energy level decays to 4 kcal/g, partly because the processes of digestion and absorption are not completely efficient, and, above all, the nitrogenous portion of amino acids is not oxidized, but excreted in the form of urea. 30 Based on the nutrient intakes of breastfed infants, the question of protein and amino acid requirements has How much protein is safe C Agostoni et al generated substantial controversy over the past 10 y. The dietary requirement is, by definition, higher than the biological needs because diets are not 100% bioavailable and nutrients, once absorbed into the body, are not used with 100% efficiency. The biological need can be usefully divided into the needs for protein deposition and the needs for the maintenance of amino-acid equilibrium, and it is affected by several factors, such as growth rate, digestibility, stress and infection. 31, 32 Dewey et al 33 have described and discussed the five principal possibilities to determine the protein requirements of infants and children, considered also by the recent report of the Scientific Committee of Food for the European Commission (Table 1) . 34 An example of the operational approach applied to young, healthy male adults is represented in Figure 1 . It requires both the knowledge of the safe level of protein intake and the mean requirement for energy at all ages, but, as they are difficult to estimate, the results are based on assumptions. Clearly, this example does not include the further variable of the additional protein/energy requirements of a growing individual that would make the model even more complicated for children. For exclusively breastfed infants, proteinenergy ratios at age 3-4 months are 8-8.5%, when the protein concentration is 9.6-10 g/l (true protein including 46% utilization of the NPN fraction), energy density is 670 kcal/l and a conversion factor of 5.65 kcal/g of protein is applied. 33 This value is consistent with conditions of nutrient/energy balance, since (as already mentioned) in cases where amino acids are oxidized to contribute energy their metabolizable energy is reduced by 25%. In this case, the protein-energy ratios of breastfed infants would range 5.7-6%. For older infants, extrapolation would require several more assumptions.
Regulatory authorities (such as Codex Alimentarius and the European Community Commission) have discussed protein density in infant formulas, accounting for an observed protein mean density of 1.5-1.6 g/100 kcal in mature breast milk. Although the minimum protein level of cow's milk-based starting infant formulas has been fixed at 1.8 g/100 kcal by the same authorities, current infant formulas have higher levels. The present European regulation indicates protein-energy ratios (kcal per 100 kcal) ranging 7.2-12% for starting infant formulas and 10-18% for follow-on formulas. The higher protein density How much protein is safe C Agostoni et al compensates for the likeliness that proteins, even in the best formula, are not as ideal for infants as proteins from breast milk. Even if a complete equivalence may be difficult to reach, efforts continue in the direction of further optimizing the protein quality in terms of essential and semiessential amino-acid profiles. This is the only way to lower the protein content in a formula to levels closer to the low protein density of human milk. Among several possibilities, the increase in the mass proportion of bovine alpha-lactalbumin represents a successful step to achieve this goal. Alphalactalbumin is rich in tryptophan, which typically is the limiting amino acid in formulas, and, as a result, formulas have been developed with lower protein but higher tryptophan concentrations. 35 To prevent high levels of blood threonine, the most common imbalance during the use of whey-predominant formulas, also the elimination of the glycomacropeptide subfraction (rich in threonine) is now possible.
36
The 'protein hypothesis' starting in the period of human milk/formula feeding at the origin of childhood obesity is actually being investigated through a multicentric study supported by the European Community. 37 Since the study is progressing 'blinded' and the code not broken yet, no anticipatory on the results can be reported.
High protein intakes and obesity: beyond breastfeeding and human milk
In general, high protein intakes are believed to have an impact on the glomerular filtration rate and to increase the renal solute load, while leading to elevations of certain plasma amino-acid levels with possible effects on the body metabolism and the production of neurotransmitters not sufficiently investigated yet. 38 Rolland-Cachera et al 39 were the first to propose an early adiposity rebound as an infant's predictor of later obesity, and speculated that the age at body mass index (BMI) rebound may be influenced by the amount of protein supplied in the 10-24-month period. 40 They investigated 112 French children who were measured for weight and length and skinfold thickness (two sites) at 10 months, 2, 4, 6 and 8 y of age. At 2 y of age, protein intake as percentage of energy was o14.8% in the lowest quartile, 14.8-18% in the next two quartiles and more than 18% in the highest quartile. Significant correlations were found between the percentage of protein and both BMI and subscapular skinfold thickness at 8 y after adjusting for energy intake at 2 y and parental BMI. The percentage of protein at 2 y of age was also negatively associated with the age at adiposity rebound. Similar results were reported in 150 Italian children, followed from birth to 5 y of age. 41 At 5 y, children with a BMI above the 90th percentile had a higher protein intake (as energy percentage) at 1 y than those who were not overweight (o90th percentile). The protein intakes both in the overweight and in the nonoverweight groups were very high, 22 and 20% of energy, respectively. In this study, there was also a trend for breastfeeding to protect against obesity later in life.
On the other hand, Dorosty et al 42 who have attempted to reproduce the results of the relatively small study of RollandCachera, followed a cohort of 889 British children born in 1991 and 1992 from birth to 5 y of age. Ten anthropometric measurements were performed in 5 y and two 3-day dietary records were taken at 8 and 18 months of age. Dietary proteins as percentage of energy intake were on average 14.672.2% at 18 months in each of the three categories in which participants were subdivided on the basis of age at adiposity rebound (very early, early, later). Only parental BMI or obesity was significantly correlated to an early adiposity rebound. Similar findings have been reported in children treated for hyper-phenylalaninemic syndromes (classic and mild forms), who showed an association between overweight at age 8 y and early adiposity rebound, but no associations with early protein intakes. 43 Also, in this case, the average protein intake in the mild form (with the higher protein supply) averaged 14% the daily energy intake and overweight was more likely in children with, rather than without, parental overweight.
Biologic plausibility of the protein hypothesis: role of quantity and quality
Commenting the results from the Dorosty's study, RollandCachera has stressed the lack of any relationship between earlier energy and fat intakes and age at adiposity rebound. Once again, it is underlined that human milk, the reference food, contains a low proportion of proteins (around 7%) and a high proportion of fat (around 50%). Accordingly, a possible metabolic adaptation to low fat intakes in infancy would make the child unprepared to face a high-fat diet later on. 44 The first explanations on the high protein-early adiposity rebound association were almost speculative and hypothesized a possible stimulating effect of dietary proteins on insulin-like growth factor I (IGF-I), 45 inducing both adipocyte differentiation and adipogenesis. 46 Accepting this hypothesis, we could then speculate that preadipocytes, early differentiated and overstimulated, would be more prone to be filled by saturated fats and fat derived from the high-energy diets commonly found in older Western children. Accordingly, the main point is the dietary imbalance at 12-24 months of age, since with dietary proteins approaching 4 g/kg wt per day (around 16% of total energy intake) the association with later overweight is likely to work, 47 while with dietary proteins below 15% energy the association seems to be lacking. A Danish group has recently published a series of reports partly expanding these hypotheses. At 2.5 y of age, the serum IGF-I concentration of 90 Danish children was positively associated with intakes of animal proteins and milk, but not How much protein is safe C Agostoni et al with those of vegetable proteins or meat. 48 Height was also associated with serum IGF-I and the intakes of animal proteins and milk. The 90th percentile of protein intake in this study was 4.0 g/kg/day (around the 16% of energy) and it is presumable that this level matched the maximum effect on IGF-I secretion. Further randomized studies in 8-y-old children have shown that 7 days of increased protein intakes (from 13 to 20% the daily energy) by additional milk supply (but not meat) increased by around 20% serum IGF-I 49 and 100% fasting serum insulin levels. 50 These observations, while raising debate on the possible long-term effects in older children, shed more light on the mechanisms possibly linking early over-intake of proteins (particularly from milk and dairy products), age at adiposity rebound and later overweight.
Conclusions
How much protein is safe? We should move from the figure of 7-8% in the 4-month exclusively breastfed infants, growing slower than at earlier ages, up to the maximum acceptable levels of 14% in 12-24-month-old infants. When protein supply represents less than 6% and energy is limited, older, fully breastfed infants are also likely to enter a status of negative nutrient balance. Over the limit of 14% energy deriving from dietary proteins in the 6-24 months period, some mechanisms may begin to operate, beyond, or by unmasking, a genetic predisposition towards the phenomenon of early adiposity rebound and overweight development. According to others, 44 we also stress that passage from a high-fat (breastfeeding or formula-feeding) towards a highcarbohydrate (mixed) diet should be slow and gradual, maintaining 0.5-1% of fats in the form of long-chain polyunsaturated fatty acids (mainly of the n-3 series) and most carbohydrates as slowly absorbed compounds. In consideration of the possible roles of high intakes of cow's milk proteins on growth-promoting hormones, and looking at epidemiological data linking prolonged breastfeeding with the prevention of obesity, We suggest maintaining breastfeeding as long as possible, and, in case human milk is insufficient, to introduce infant formulas, appropriate for age, up to 18-24 months, in order to keep protein intakes in the safe range of 8-12% within a diet adequate in energy and balanced as far as macronutrients.
